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The influence of urethane and hydrostatic pressure on the stability, in the 
free state in nutrient broth, of bacteriophages T1, T2, T5, and T7 (Delbriick, 
1946)  against  Escherichia  coli  B,  has  been  described  in  a  previous  report 
(Foster,  Johnson,  and  Miller,  1949).  Inactivation occurred at  temperatures 
between 60 and  70°C.,  and  small  concentrations of urethane accelerated its 
rate in each case. Hydrostatic pressures up to 10,000  pounds per square inch 
retarded the rate with T2, TS, or T6, but accelerated that of T7, with or with- 
out urethane. At ordinary temperatures these pressures caused a  slow reduc- 
tion in titer of T2, but the other types were apparently unaffected. 
The purpose of the present study has been to determine the effects of ure- 
thane and  of hydrostatic pressure  on the multiplication  of the  same  phage 
types,  except that  T6 was  included in  place  of T1.  The  influence of  these 
factors is of interest primarily as a means of providing further evidence con- 
eeming the intermediate stages in the formation of new infective units between 
the time of infection and burst of the host, about which relatively little is yet 
known. Their action is also of general interest in connection with the mecha- 
nisms controlling biological reaction rates. 
Metkods 
The culture medium  consisted  of Difco  nutrient broth plus 0.5  per  cent  NaCl. 
Most of the experiments  were done with singly infected cells according  to the tech- 
nique described in detail by Delbriick  and Luria (1942). A mixture of approximately 
6  X  10  T phage particles per ml. and 7  ×  l0  T bacterial cells was used for adsorption 
during a 3 minute period.  A 1:2,000 dilution was made to stop adsorption, and the 
amount of free phage remaining  unadsorbed  in a portion of the mixture was deter- 
mined by centrifuging  and  assaying  the  supernatant.  Incubation in  a  water bath 
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at 35°C.  was used throughout. The normal latent periods under the conditions em- 
ployed were  23,  44,  30,  and  14 minutes,  for bacteriophages  T2,  T5,  T6,  and  TT, 
respectively. 
Stock solutions of urethane were made up in a concentration of 1.0 ~r in the broth 
medium and sterilized  by filtration. Dilutions in sterile broth were made by an amount 
to give the desired final drug concentration when added in a  1:1 ratio by volume to 
the  bacterial  culture just  before infection or at  various intervals  during  the latent 
period. At corresponding times, broth alone was added in the same ratio to the con- 
trols.  When  added  before  infection,  the  1:2,000  dilution  to  stop  adsorption  was 
made  with  broth  containing the  appropriate  concentration of urethane,  and  broth 
alone,  respectively.  In experiments  in which it  was desired  to remove the  drug at 
various  intervals  during  the  latent  period,  a  1:20 dilution  was  made  with  broth. 
This was found to eliminate, in effect, the action of urethane at all the concentrations 
studied.  Control  experiments  demonstrated  also  that,  even  with  the  highest  drug 
concentrations used, the extent of dilution of specimens in making the assay plates 
was suificient  that no influence of the amount of urethane introduced into the medium 
could be detected on the number of infective centers which developed. 
In experiments with hydrostatic pressure,  aliquot portions of an infected culture 
were distributed,  immediately after  the dilution to stop adsorption,  among a  series 
of small tubes of the type described in the previous study. The tubes, aseptically stop- 
pered  with  sterile  rubber plugs,  were placed  in small,  stainless  steel  "bombs"  and 
connected by individual  pressure  lines,  each with  a  pressure  valve,  to a  manifold 
from a  hydraulic pump.  Pressure could  thus be applied or released  on any number 
of the connecting bombs at  the  time, and specimens removed for assay at  will.  It 
was not possible,  by this technique, to apply pressure before adsorption and maintain 
it through the  1:2,000 dilution.  Moreover, although the pressure  could be released 
at any time, it was difficult  to assemble the specimens and connections on the appa- 
ratus fast enough to apply pressure on as many as 7 or 8 bombs sooner than 5 minutes 
after  the period of infection. 
An attempt  was made  to measure  the effect of pressure  on the  rate of clearing 
during macroscopic iysis  of cultures  multiply infected with TT, using an apparatus 
similar  to the  one described  by Johnson and  Schlegal  (1948),  except  that  the  full 
range of visible light, without a  color filter,  from an AH-4 mercury vapor lamp was 
focused  through  the  bomb  onto  the  photronic  cell.  The  bacterial  suspension  was 
thoroughly aerated  with oxygen just before adding the bacteriophage. The mixture 
could be introduced into the bomb and pressure applied within 3 to 5 minutes, and 
clearing usually began within 19 to 21 minutes, it was necessary to measure the rate 
of clearing at normal and increased pressures in successive runs. In spite of rigorous 
standardization  of procedure,  quantitative  reproducibility  in  repeated  experiments 
was never fully satisfactory,  but  certain reproducible results were observed,  as  de- 
scribed. 
RESULTS 
Influence of Urethane on Bacterial Multiplication 
The multiplication  of uninfected ceils of normal bacterial cultures, prepared 
in precisely the same manner as those used for the growth of bacteriophage, is RUTH  A. C. ]FOSTER  AND  ~'RANK  H.  JOHNSON  531 
measurably retarded by 0.15  ~r urethane, and completely blocked by 0.4 ~. 
The  latter  concentration seems to have a  slight killing effect, more  readily 
apparent after 2 or 3 hours' incubation. It has no effect on the titer of free 
phage, however, at this temperature. The blockage is reversible, apparently 
after a  short lag, when a  1:20 dilution with broth is made. The lag is some- 
what greater when the dilution is made after as much as 60 minutes of arrested 
growth in  a  0.4 ~  concentration of the  drug.  These  relationships  are  illus- 
trated in Figs. 1 and 2. An initial period of slower growth is evident during the 
first 60 minutes, possibly arising from the effects of dilutions at the beginning 
of the experiment. Most of the experiments with bacteriophage were completed 
within a 60 minute period, corresponding to this rate of normal growth. 
Influence of Urethane Added at the. Time of Infection 
According to  Czekalowski and Dolby  (1949),  0.3  ~  urethane reduces the 
number of lytic particles of T2 from singly infected ceils, with no obvious in- 
fluence on the reproduction of E. coli,  strain B. In our experiments, 0.4 ~x ure- 
thane, which completely inhibits the reproduction of normal ceils, prevents an 
increase in titer of phage, when the drug is added to the bacterial culture im- 
mediately before, and remains from, the time of infection. Lower concentra- 
tions, between 0.10 and 0.15 ~, do not prevent an increase in titer, but reduce 
the yield. Unlike proflavine (Foster, 1948),  the completely inhibitory concen- 
tration of urethane is the same for each of the phage types studied. Through- 
out the length of the normal latent period,  the number of infective centers 
remains constant in the presence of 0.4 ~ urethane, but a slow decrease in titer 
occurs later. If, however, the drug is effectively removed, by a  1:20 dilution 
in the manner described, the burst will occur. Both the time at which it occurs 
and the amount of the yield depend on the time of the dilution. With each 
phage type, dilution before a  certain critical time results in a  normal time of 
burst and normal yield, suggesting an initial stage in the multiplication process 
that is unaffected by this concentration of urethane. For convenience of dis- 
cussion, we will  refer to this stage as the "urethane-insensitive stage." It ex- 
tends for about the first 7 or 8 minutes with T2, T6, or T7, but lasts for about 
the first 13 minutes with T5, the most slowly developing of the types studied. 
Moreover,  if  the  dilution is  made  subsequently to  the  urethane-insensitive 
stage, the burst is delayed by a  constant amount of time between the begin- 
ning of the sensitive stage and the time of dilution. Data concerning this rela- 
tionship are summarized in Table I. It is as though the multiplication process 
is suddenly stopped by the inhibitor at a  certain stage, but then proceeds at 
its normal rate as soon as the inhibitor is removed. It could scarcely represent 
the time required for the drug to penetrate the cells, both because there is no 
such lag in its effects on growth, and because experiments with luminous bac- 
teria (Johnson, van Schouwenburg, and van der Burg, 1939) indicate that ure- 
thane penetrates almost instantly. ,o,t  7 
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TABLE  I 
Reversible  Retardation of Phage Multiplication by 0.4 ~  Urahane 
A  =  minutes after infection when urethane was diluted out. B  =  minutes after infection 
when titer first began to increase. (B  --  A)  =  constant time of latent period after diluting 
out the drug. 
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Figs. 3* and 4 illustrate the reversibility of the urethane inhibition of phage 
multiplication, with T2 and TS, respectively. They also show that, within the 
limits of experimental error, the rate of increase in titer is essentially the same 
in each case, even though the length of the latent period is very considerably 
prolonged by delaying the time of diluting out the drug. On the other hand, 
although the yield is only slightly, or not at all, affected when the dilution is 
made very shortly after the critical time of urethane sensitivity, it is progres- 
sively reduced as this time is lengthened. 
CO 
n  ~ 
l-- 
z 
w 
U 
Ld 
> 
l-- 
Ld 
z 
L 
0 
cr 
Ld  cn 
D 
Z 
/0  ~  -- 
7"5 
OlD  o!! 
I  I  w  I  I  !  I  I  I  I  I  I  I  I 
0  I0  20  30  dO  50  60  70  80  90  I00110  180 130 
TIME  IN  MINUTES 
FIG. 4. Data from experiments  with T5 similar to those of Fig. 3. 
Addition of Urethane during the Latent Period 
The  length  of  the  stage  during  which  0.4  ra  urethane  apparently  blocks 
phage multiplication was  estimated  by adding  the drug at various intervals 
between the beginning of the critical time, referred to above, and the maxi- 
mum yield in the control. This stage, which we will refer to as one of "com- 
plete sensitivity" to urethane was found to extend from approximately 7 or 8 
minutes until 15 minutes after infection with T2 or T6, from 13 until 25 min- 
t The logarithmic  scale on the ordinate is used  in this and succeeding graphs in 
order to make relative differences more readily apparent, especially at the low titers, 
but theoretical implications,  from a kinetic point of view, are not intended. RUTH  A.  C.  I~0STER  AND  l~RANK II.  JOHNSON  535 
utes with T5, but only from 7 until 9 minutes with T7. When added subse- 
quently to the completely sensitive stage, there was evidence of a  "partially 
sensitive stage" in that a  rise in titer took place in the presence of the drug, 
and the time at which it began was not greatly affected. The yield was reduced, 
however, depending upon how early after the completely sensitive stage the 
drug was added. With very early addition, it was quite low, the yield increas- 
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Fro. 5. Influence on the one-step growth curve of T6, of adding 0.4 ~t urethane at 
12, 17, and 19 minutes, respectively, after infection. 
ing with delay in addition time. A reduction in yield could be detected, how- 
ever, when the urethane was added near the end of the rise period. These re- 
lationships are illustrated in Figs. 5, 6, and 7. 
Curves resembling those of Fig. 7 have been discussed in connection with 
the action of proflavine (Foster, 1948). They suggest that the process of phage 
multiplication in different ceils proceeds beyond the stage sensitive to inhibi- 
tion at different times; i.e., at different rates in different ceils.  The data of 
Figs. 5 and 6 support this view, as well as the established fact that the burst 
size among individual ceils varies widely, even though the time of burst nor- 536  INFLUENCE  O~  URETHANE  ON  BACTERIOPHAGE  GROWTH 
maUy occurs within  a  relatively short period of time (Delbriick,  1945). More- 
over, Doermann's experiments (1947-48) on disruption of cells during the latent 
period, by sonic vibration  and other means, have shown that  active particles 
of T3 and of T4, respectively, are present relatively early in the latent period, 
increasing  in numbers up to the  time of maximum  yield in  an  ordinary  con- 
trol. Thus,  it seems highly probable that  the yield shown in Figs.  5, 6, and  7 
consisted  to a  greater  or lesser extent  of phage particles  that  had  been fully 
formed in some of the cells at  the  time  that  urethane  was added,  and  there- 
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fore, had the same insensitivity to urethane as that of free phage, even though 
these particles were not liberated until later, by completion of the lyric process. 
The partially  sensitive  stage,  according  to this  view, would represent  chiefly 
an effect of the drug on only a part of the population of infected ceils. 
In  order  to  facilitate  comparison  between  the  different  phage  types,  the 
time  relationships  of  the  drug's  action  during  the  respective normal  latent 
periods are illustrated diagrammatically  in Fig. 8. 
In  Fig.  7 it  is apparent  that  when  urethane  is added  near  the  end  of the 
completely sensitive stage of T2,  i.e.,  at  14 minutes,  the final titer is reduced 
to about 50 per  cent  of the  input,  indicating  a  loss of some of the  infecting 
particles.  This  is  probably  an  example  of  the  phenomenon  wherein  lysis  in RUTH A.  C.  FOSTER AND ~RAN'K H.  ~OItNSON  537 
absence of phage reproduction results in the loss of even the infecting particle 
(Cohen,  1949).  A  more detailed study (Fig. 9) with T2 showed that when the 
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drug is added at any time up to  10 minutes after infection there is no loss of 
original titer at the time of maximum yield in the control. During the period 
between 10 and 15 minutes after infection, however, there seems to be a  stage 
in the multiplication of T2 when the addition of urethane not only blocks sub- 
sequent  liberation  of new  particles  but  leads  to  the  destruction  of some  of 538  INFLUENCE  01~ URETHANE  ON BACTERIOPHAGE  GROWTH 
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Yield may still  be reduced by addition of urethane during  the rise period. 
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those originally present. After about 15 minutes it appears that the process of 
multiplication in some of the cells has proceeded beyond such a  stage, so that 
new particles are finally liberated. 
The destructive effect illustrated  in  Fig.  9  depends  to some extent on the 
continued action of urethane, as shown by the results of subsequent dilution. 
Thus, when the drug is added at  14 minutes and  diluted  out at  19 minutes, RUTH  A.  C.  ~'OSTF_,R AND  FRANK  H.  3OHNSON  539 
the rise is delayed by approximately this interval of 5 minutes, but the titer 
increases at essentially the same rate as that of the control, and the yield is 
not greatly reduced (Fig. 10). When added earlier, at 11 minutes, and diluted 
out during the period of decreasing titer, a subsequent rise with much reduced 
yield takes place (Fig. 11). 
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after infection with T2. 
Macroscopic  Lysis 
Since 0.4 ~r urethane does not decrease phage adsorption, nor cause a  de- 
crease in titer of free phage at the temperature of incubation, the absence of 
a yield could be due to either a failure of new, active particles to be produced 
or to a  failure of the host cell to lyse, or perhaps both. Although these possi- 
bilities  cannot  be  completely resolved  through  observations  of macroscopic 
lysis, experiments with various multiplicities of infection by T7 showed that, 
in  a  concentration of 0.4 ~r  urettmne does markedly delay clearing. A  few 
observations were made with T6r as well as T7. The data are s,lmmarized in 
Table II. 54O  INFLUENCE  O]~ URETHANE  ON  BACTERIOPHAGE  GROWTH 
With T7, the delay in clearing, in the presence of urethane from the time of 
infection, is inversely related to the multiplicity of infection, being generally 
less with increasing multiplicity. Even with a multiplicity scarcely higher than 
that used in the one-step experiments, however, long incubation with urethane 
present from the start gave evidence of some lysis. On the basis of e~periments 
described in the preceding paragraphs,  it is unlikely that such lysis liberates 
any active phage. 
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after infection with T2. 
The data of Table II make it appear probable that urethane delays lysis in 
the  one-step growth experiments. On  the  other hand,  the  rise  in  titer  that 
occurs in the presence of the drug, when it is added after the stage of complete 
sensitivity in  the latent period,  indicates that, as in macroscopic lysis with 
higher multiplicities, a  concentration of 0.4 ~  urethane  does not altogether 
prevent lysis and must act also on the process of multiplication. 
Discussion o/the  Urethane Effects 
Of the three more or less distinct stages with respect to urethane sensitivity 
during the latent period,  the third, i.e.  the one of partial sensitivity, can be RIll  A.  C.  FOSTER AND ~.~-X H.  JOHNSON  541 
most readily interpreted in terms of variations in the rate of formation of essen- 
tiaUy complete virus particles in different individual cells of  the population, 
TABLE H 
Influence of Ure~hane on Macroscopic  Lysis al 35°C. 
Relative  turbidity estimated  visually as 0  (clear) to 4  (quite  turbid)  in comparison to 
control, without phage or urethane, in ice bath. 
Time 
after 
hfection 
mtn. 
10 
20 
25 
3O 
35 
4O 
45 
5O 
55 
60 
65 
85 
100 
20 
25 
35 
40 
55 
75 
30 
45 
60 
75 
90 
0.8 
4 
4 
4 
4 
3 
3 
2 
2 
0 
0 
0 
0 
0 
T7 
Multiplicity; no urethane  Multiplicity; 0.4 M urethane 
1.6  2.4 
4 
4 
4 
3 
1 
1 
0 
0 
0 
0 
0 
0 
0 
10 
s,2  4.0 
4  4 
4  4 
4  3 
2  2 
1  0 
1  0 
0  0 
0  0 
0  0 
0  0 
0  0 
0  0 
0  0 
2O  5O 
2  0 
2  0 
0  0 
0  0 
0  0 
0  0 
4.8  LO 
4  4 
3  2 
2  1 
2  0 
0  0 
0  0 
0  0 
0  0 
0  0 
0  0 
0  0 
0  0 
0  0 
0.8 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
L6  2.4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
3 
2 
&2  ~.0  4.8 
10  20 
4  4 
t  4  4 
2  3 
2  3 
)  0  1 
)  0  0 
8.0 
4  4 
4  4 
4  4 
4  4 
4  4 
4  4 
2  2 
2  2 
2  1 
1  1 
1  1 
1  0 
1  1 
5O 
4 
4 
1 
1 
0 
0 
T6r, multiplicity 4 
because of the reasons already listed. The fundamental significance of the first 
two stages, of complete insensitivity and of complete sensitivity, respectively, 
is problematical. 
With regard to the initial stage of urethane insensitivity,  lasting for as much 
as 50 per cent of the entire latent period of T7 about 30 per cent of that of T2 542  INFLUENCE  OF ERETHANE  ON BACTERIOPHAGE  GROWTH 
or T5, and 23 per cent of that of T6, it seems clear that the reactions relating 
to phage production in all the infected cells of the population are completely 
unaffected by the concentration of the drug which reversibly blocks both the 
growth of normal cells and the subsequent formation of new virus particles in 
infected cells. The nature of these reactions is largely a matter of speculation. 
The accumulated data in the literature on the concentration of urethane and 
similar narcotic agents required to inhibit various biological processes,  both in 
ceils and in extracts  (of.  Winterstein,  1926; Henderson,  1930) do not permit 
any specific conclusion  as to the type of reaction occurring during this period. 
Binkley  g has recently discovered, however, that apparently protein-free ribo- 
nucleic  acid preparations have powerful peptidase and other catalytic proper- 
ties which are not sensitive to inhibition  by narcotics such as chloroform or 
alcohol.  It  is  reasonable  to  assume,  therefore,  that  the  urethane-insensitive 
stage is one predominantly of some such process of hydrolysis, perhaps involv- 
ing  the liberation of key units from the infecting  particle, and their diffusion 
to sites within the protoplasm of the host where they can alter the pathway of 
synthetic reactions towards the production of virus, rather than host constit- 
uents. 
The second,  or  completely  sensitive  stage  begins  at  approximately the  same 
time that,  in  T2 at  least,  the  synthesis  of  virus  desoxyribonucleic  (DNA) acid 
begins (Cohen, 1948).  Furthermore, the action  of ultraviolet  and x-radiation 
indicates  that  during  approximately this  intermediate  stage,  the inactivation 
kinetics  change from a single  to  multiple  hit  type (Lurla  and Latarjet,  1947; 
Latarjet,  1948).  In  addition,  with  T2 phages,  it  is  a period  following  a gradual 
breakdown of  the  normal nuclear  picture,  when chromatinic  granulation  of  the 
cytoplasm occurs,  and some of the granules  undergo progressive  increase  in 
size (Murray, GiUen, and Heagy, 1950). Since it appears inescapable that the 
synthesis of biologically  specific molecules involves a template mechanism, the 
hypothesis suggests itself that the templates essential for virus DNA synthesis 
become available or functional at  this  time, correlated with the multiple hit 
inactivation by radiation,  and  changes  in the cytological picture of the host 
cell From this hypothesis it would seem to foUow that urethane does not pre- 
vent the release of the templates, but acts upon the synthetic processes in which 
they are concerned.  Further  considerations  are consistent with this view, as 
follows. 
The  influence  of hydrostatic  pressure  has  indicated  that  the  catalysis of 
reversible or irreversible protein denaturation by urethane sometimes involves 
an unfolding  of the enzyme or protein from a globular to more linear configura- 
tion (Johnson,  1947; Johnson and Eyring,  1948). Pressure opposes this action 
Binkley, F.,  and Olson, C. K., paper presented at the American Chemical So. 
ciety  meeting  in  Chicago, September 6,  1950, and  personal communication with 
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of urethane, and also most of the thermal protein denaturations studied thus 
far (T7  apparently being  an exception),  by keeping  a  larger fraction of the 
molecules in the folded state. It has been postulated that an analogous unfold- 
ing would have to precede  synthesis of globular  molecules by the template 
mechanism,  inasmuch as a molecule in the folded configuration could scarcely 
serve as a template for the production of a second one like it (Eyring, Johnson, 
and Gensler, 1946). Where such mechanisms are involved, it would be expected 
that urethane would interfere with synthesis because it would keep the mole- 
cules in the unfolded state, whereas pressure would interfere by keeping them 
in the folded state; the net result of each factor would be the same. Although 
other processes sensitive  to urethane and to pressure,  including  the rates of 
various enzyme reactions as well as sol-gel changes (Marsland, 1942) are very 
likely also  concerned  in  the  total  effects,  the  mechanisms  discussed  above 
could be the most critical  ones in the influence of these factors on virus pro- 
duction. The fact that protein synthesis continues  at a steady rate from the 
time of infection,  whereas DNA synthesis begins  7 to 10 minutes later (T2; 
Cohen,  1948) shows that not all synthetic reactions  are equally sensitive  to 
urethane, and suggests that some particularly sensitive  step,  involving DNA, 
is specifically concerned. The following experiments  with hydrostatic pressure 
lend some support  to  these  views,  for  they demonstrate that  pressures  of 
the magnitude which cause reversible changes in biological systems not only 
interfere with virus multiplication, but also that their effects on this process 
resemble those of urethane in significant respects. 
Influence of Pressure on One-Step Growth 
With the method employed,  pressure  could not be applied  to a  series of 
corresponding specimens before a minimum of 5 minutes after infection.  Con- 
sequently, the influence of pressure throughout the urethane-insensitive  periods 
could not be readily determined, nor was it possible  to assay the specimens 
immediately after release of pressure, inasmuch as a delay of a minute or more 
was imposed by the time consumed in opening the bomb and plating. 
Experiments in which  pressures  of 7,000 to 9,000 p.s.i,  were applied  at 8 
minutes after infection and released at different times after the latent period 
of the control showed that a rise in titer took place after a certain interval of 
time following release of pressure.  This was true of each of the phage types 
T2, T5, T6, and T7, and the interval was characteristic of the type. The yield 
was reduced in comparison  with the control,  the amount of reduction being 
greater the longer the pressure was maintained, resembling the effects of ure- 
thane. Again  resembling  the effects of urethane, a  decrease  in original  titer 
was observed  when the pressure  was  maintained for considerable  periods of 
time (Figs.  12 and 13). With T2, but not with the other types, a decrease in 
titer would be expected  to result, in part. from the direct effect of pressure on 544  I/q~LUENCE OF URETHANE  ON BACTERIOPHAGE GROWTH 
free phage. With T2, adsorption is particularly good, and although exact data 
were not obtained, it is probable that adsorbed phage constituted a considerable 
fraction of the total that was destroyed. 
Although  the  time relationships of the pressure effects could not be estab- 
lished as closely as those of urethane, it seemed to make very little difference 
if pressure were applied as early as 5 minutes after infection or later, unless it 
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FIG. 12.  Influence  of applying 9,000  p.s.i,  of hydrostatic pressure  7.5  minutes 
after infection with TT, and releasing  the pressure  later at  the times indicated. 
was not applied until a short time before the end of the normal latent period. 
In the latter case, large amounts of active phage were either liberated (perhaps 
also  produced)  under pressure,  or  explosively on release  of pressure.  These 
possible alternatives could not be distinguished. Fig.  14 illustrates the results 
of an experiment with T7 in which pressure was applied at  12 minutes after 
infection, i.e.  about 3  minutes  before the rise period, and was released after 
3,  18, and 33 minutes respectively. Simihr results were obtained with T2, on 
application of pressure at 18 minutes after infection, and release of pressure at 
succeeding intervals. RUTH  A.  C.  FOSTER  AND  FRAI~'K H.  30HNSON  545 
E.~ect of Pressure on Macroscopic Lydia 
When applied shortly after infection, clearing was slowed and the yield re- 
duced, but precise comparisons of rate of clearing and amount of yield could 
not  be  made  with the  method  employed.  As mentioned in  the section on 
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FzG. 13. Influence of applying 7,000 p.s.i, of hydrostatic pressure 8 minutes after 
infection  with "1"2, and rdeasing the pressure  at 22 and 45 minutes, respectively. 
Methods, the experiments with normal and increased pressure had to be run 
in  succession, and  the bacteriophage mixtures were  therefore not identical 
They were made as nearly identieal as feasible, either by staggering the times 
of inoculation and successive steps in the procedure with the culture, or by 
placing the growing culture in an ice bath at the time of the first run, using a 
portion of it later for the second run. During the course of the experiments, 
extending over a period of nearly a year, obscure variations occurred necessi- 
tating the use of high multipllcities of infection, of between 15 and 20 rather 546  INFLUENCE OF UP.ETHANE ON BACTERIOPHAGE  GROWTH 
than between 3 and 5, in order to obtain the beginning of lysis within the ex- 
pected time of 19 to 21 minutes. The results of a large number of experiments, 
notwithstanding these difficulties, indicated that pressure had very little effect 
on the rate or amount of clearing if applied at the time clearing was just begin- 
ning, or later. When applied shortly after infection, the  rate was  slowed  and 
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FIG. 14.  Influence  of applying  9,000  p.s.i,  of hydrostatic pressure  12  minutes 
after infection with TT, and releasing  the pressure  at the times indicated. 
the amount of clearing fell considerably short of that of a control. Since it was 
difficult  to  make  a  satisfactory  calibration  of  the  instrument  which  would 
accurately correlate the number of cells with galvonometer deflection during 
the process of lysis, and in addition, the quantitative results were somewhat 
variable,  no  general  statements  can  be  made  concerning either  the  rate  or 
amount of clearing, other than those above. Fig.  15 shows the results of two 
experiments on successive days in which the multiplicity of infection was nearly 
the same in each run, as determined by plate counts of the control culture at 
the time of infection. RUTH  A.  C.  Y0STER  AND  FRANK  H.  JOHN'SON  547 
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FIG.  15. Influence of 6,000 p.s.i,  of hydrostatic pressure on macroscopic lysis by 
T7.  Curve  1,  control at  normal  pressure,  multiplicity  of infection,  13.1;  curve  2, 
pressure  applied  at  19.5 minutes  after  infection, as  lysis was just  getting  started, 
multiplicity of infection 12.1; curves 3 and 4, pressure applied at 5.5 to 5.6 minutes 
after  infection,  multiplicities  14.4  and  18.7,  respectively.  The  upwardly  directed 
arrows  indicate  the  time  of application  of pressure,  and  the  downwardly directed 
arrows the  time  of release  of pressure,  for the  respective  curves.  Curves  1 and  4 
represent successive runs on one day, and curves 2 and 3 on the next day. The gal- 
vanometer deflection with sterile medium in the bomb, just before the start of a run, 
was 182 to 185 mm. 
The influence of urethane when added at the beginning of macroscopic lysis 
was not tested. In other respects, and possibly in this also, noteworthy similari- 
ties in the net effects of increased pressure and of urethane are apparent in the 
results of the foregoing experiments.  Whether or not they influence primarily 548  INFLUENCE  0]~ URETHANE  ON BACTERIOPHAGE  GROWTH 
the same reactions that are involved in the production and liberation of bac- 
teriophage, as well as the precise nature of the reactions that they affect, re- 
quires further evidence. 
The authors are pleased to acknowledge their indebtedness  to Mrs. Robert Steele 
and Miss Elizabeth  Flagler for valuable assistance in carrying out the experiments. 
S~AR¥ 
In 0.5 per cent NaC1, nutrient broth at 350C., urethane in a  concentration 
of 0.4 x~ stops the reproduction of Escherichia  coli, strain B. On dilution with 
20  volumes of sterile medium, growth is resumed at its former rate after a 
short lag. 
In the one-step growth of T2, TS, T6, or T7, in the same medium at the 
same temperature, 0.4 ~x urethane, when added at the time of infection, had 
no apparent effect on adsorption and caused no decrease in titer throughout 
the latent period of the control, but completely prevented a  rise in titer. If 
diluted 1:20 with sterile medium prior to a  certain critical time in the latent 
period,  however, bacteriophage was  liberated at  the  same  time,  and in  the 
same amount as in the control. The initial stage of apparent insensitivity to 
the drug lasts from the time of infection until the approximate critical times of 
7 minutes with T7, T2, or T6, or 13 minutes with T5. Under the conditions 
described, the normal latent periods were  14, 23, 30, and 44 minutes for T7, 
T2, T6, and TS, respectively. 
At the critical times referred to above, there begins a stage characterized by 
complete sensitivity, rather than complete insensitivity, to 0.4 x¢ urethane, in 
the sense that no active phage is subsequently liberated in continued presence 
of the drug. The length of this completely  sensitive stage, as judged by addition 
of the drug at successive intervals during the latent period, extends from ap- 
proximately 7 until 9 minutes after infection with TT, 7 until 15 minutes with 
T2 or T6, or 13 until 25 minutes with T5. When the urethane is added late in 
this stage  of T2,  a  decrease in initial titer  takes  place as judged by assays 
made 40 minutes after infection, the maximum effect occurring when the drug 
is added between 14 and 15 minutes after infection. When added subsequently 
to the completely sensitive stage of each type, i.e.  subsequently to 9 minutes 
after infection with T7, 15 minutes with T2 or T6, or 25 minutes with T5, lib- 
eration of the bacteriophage takes place in presence of the drug, but the yield 
is reduced, the amount of reduction being greater the sooner it is added. The 
yield increases as addition of the drug is delayed, but it is measurably reduced 
when added late in the rise period. 
Macroscopic lysis with T7 is delayed by 0.4 ~a urethane, when present from 
the time of infection. The delay is less with increased multiplicities of infection. 
A similar delay occurs with T6r at a multiplicity of 4. RUTH  A.  C.  FOSTER  AND  FRANK  H.  JOHNSON  549 
The application of hydrostatic pressures of 7,000  to 9,000 p.s.i, early in the 
latent period, within 5 to 8 minutes after infection, prevents a yield in each of 
the four phage types, and if maintained for lengthy periods of time a reduction 
in  initial  titer  occurs.  If  released  at  various  times  shortly  after  the  latent 
period, a  rise in the titer occurred after a  certain interval whose length was 
characteristic of the phage type. The yield was less the longer the release of 
pressure was delayed. When the pressure was first applied late in the latent 
period, large amounts of phage were liberated either under pressure or explo- 
sively when pressure was released to make the assays. 
Hydrostatic pressure at 6,000 p.s.i, had little effect on the rate or amount 
of macroscopic clearing with T7  in  relatively high multiplicity of infection, 
when applied at the start of lysis, but slowed the rate and reduced the amount 
of clearing when applied shortly after infection. 
REFERENCES 
Cohen,  S.  S.,  1948, The synthesis  of bacterial viruses.  I.  The synthesis  of nucleic 
acid and protein in Escherichia coli B infected with T2r bacteriophage,  ]. Biol. 
Chem., 174, 281. 
Cohen, S. S., 1949, Growth requirements  of bacterial viruses, Bact. Rev., 13, 1. 
Czekalowski, J.  W.,  and  Dolby, D.  E.,  1949, Effect of enzyme inhibitors  on the 
genesis of phage, Nature, 163, 719. 
Delbriick,  M.,  1945, The burst size distribution in the  growth of bacterial viruses 
(bacteriophages),  Y. Baa.,  50,  131. 
Delbriick,  M., 1946, Bacterial viruses or bacteriophages,  Biol. Re'#., 9.1, 30. 
Delbriick,  M.,  and  Luria,  S.  E.,  1942, Interference between  bacterial viruses.  I. 
Interference between  two  bacterial  viruses  acting  upon  the  same  host,  and 
the mechanism  of virus growth,  Arch. Biochem., 1,  111. 
Doermann, A. H., 1947-48, IntraceUular  growth of bacteriophage,  Carnegie Institu- 
tion of Washington,  Year Book No. 47,  176. 
Eyring, H., Johnson,  F.  H., and  Gensler,  R.  L.,  1946, Pressure and  reactivity of 
proteins, with special reference to invertase, J. Physic.  Chem., 50, 452. 
Foster, R.  A.  C.,  1948, An  analysis  of the  action of proflavine  on bacteriophage 
growth,  J.  Bact.,  56,  795. 
Foster, R. A. C., Johnson, F. H., and Miller,  V. K., 1949, The influence of hydro- 
static  pressure  and  urethane  on  the  thermal  inactivation  of  bacteriophage, 
J.  Gen. Physiol.,  ~$,  1. 
Henderson,  V. E., 1930, The present status of the theories of narcosis, Physiol.  Rev., 
10, 171. 
Johnson, F. H.,  1947, Bacterial luminescence, Advances Enzymol.,  7, 215. 
Johnson, F.  H.,  and  Eyring, H.,  1948, The fundamental action of pressure,  tem- 
perature and  drugs  on enzymes,  as revealed  by bacterial luminescence,  Ann. 
New York Acad. Sc., 49, 376. 
Johnson, F. H., and Schlegel, F. McK., 1948, J.  Cell. and Comp. Physiol.,  31, 421. 550  INFLUENCE OF D-REI~tANE ON  BACTERIOPHAGE GROWTH 
Johnson, F. H., van Schouwenburg, K. L., and van der Burg, A., 1939, The flash of 
luminescence following anaerobiosis  of luminous bacteria,  Enzymologia, 7,  195. 
Latarjet, R., 1948, IntraceUular growth of bacteriophage studied by Roentgen irra- 
diation, J.  Gen. Physiol.,  31, 529. 
Luria, S. E., and Latarjet, R., 1947, Ultraviolet  irradiation  of bacteriophage during 
intracellular growth, J. Bact., 53, 149. 
Marsland,  D. A.,  1942, Protoplasmic  streaming  in relation to gel structure in the 
cytoplasm, in The  Structure  of Protoplasm,  (W.  Seifriz, editor),  Ames, Iowa 
State College Press, 127-167. 
Murray, R.  G.  E.,  Gillen, D.  H., and tteagy, F.  C.,  1950, Cytological changes in 
E,  scherichia coli produced by infection with phage T2, J. Bact., 59, 603. 
Winterstein,  H., 1926, Die Narkose, Berlin, Julius Springer. 